Seed plants vary tremendously in size and morphology. However, variation and covariation 1 9 3 1 PUB4, has molecular signatures of balancing selection, suggesting that intraspecific variation in 3 2 growth scaling is maintained by opposing selection on the trade-off between seed production and 3 3 abiotic stress resistance. Our findings support a core MST prediction and suggest that variation 3 4 in allometry contributes to local adaptation to contrasting environments. Our results help 3 5 reconcile past debates on the origin of allometric scaling in biology, and begin to link adaptive 3 6 variation in allometric scaling to specific genes. 3 7
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Fitness Costs and Benefits of Allometric Variation. The scaling exponent was correlated with 1 3 5 resource-use traits including RGR and lifespan, as well as performance-related traits such as fruit 1 3 6 number, a proxy for lifetime fitness in annual species (fruit number varied from 18 to 336 per 1 3 7 plant, Table S1 ; SI Appendix). However, the relationship between fitness and the scaling 1 3 8 exponent under the non-limiting RAPA conditions was not linear (Fig. 3A) . Instead, fruit number 1 3 9 was a bell-shaped function of the scaling exponent: it peaked for plants with an exponent around 1 4 0 ¾ and declined towards higher or lower exponents. Thus, genetic deviations from the ¾ scaling 1 4 1 exponent are associated in A. thaliana with extreme resource-use strategies, and a general 1 4 2 decline in fruit number (r = -0.62, P < 0.001; Dataset S2). A polynomial regression of relative 1 4 3 fitness -using fruit number standardized by the population mean -over the scaling exponent 1 4 4 returned a significant, negative second-order coefficient (y = 1.00 +4.23x -4.06x 2 , P < 0.001 for 1 4 5 all coefficients), i.e. an estimate of quadratic selection gradient |γ| that might be indicative of 1 4 6 stabilizing selection for the allometric exponent under benign conditions (20).
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Conversely, deviation from ¾ scaling was positively correlated with survival under 1 4 8 severe drought (r = 0.16, P < 0.05; measured in (21) across 210 common accessions; Dataset 1 4 9 S2), and negatively correlated with growth reduction under moderate drought (r = -0.26, P < 1 5 0 0.05; measured in (22) across 60 common accessions, Dataset S2). However, neither stress-1 5 1 resistance trait was correlated with the scaling exponent itself. This suggests that deviation of 1 5 2 allometric exponents from ¾ in either direction is associated with increased resistance to 1 5 3 stressful conditions at the expense of reduced reproductive fitness under benign conditions.
5 4
Consistently, a re-analysis of an experimental population phenotyped for tolerance to combined 1 5 5 high temperature and water deficit (23) pointed to higher stress sensitivity of accessions with 1 5 6 scaling exponents close to ¾ (Fig. 3B ). In contrast, allometric exponents at both the low and high 1 5 7 end of the distribution were correlated with improved stress tolerance, specifically under high 1 5 8 temperature ( Fig. 3B) . A possible explanation of this result could be that a 'fast' strategy with 1 5 9 high scaling exponents allows stress escape by maximizing resource acquisition and completion 1 6 0 of the life cycle before a short window of non-stressful conditions closes (23). Alternatively, the 1 6 1 'slow' strategy might support stress tolerance by reducing metabolic activities and thus, the 1 6 2 resource demand associated with a fast growth (10). between-group phenotypic variance over total variance -was above 0.9 quantile of genome-wide 1 7 6 F st (Q st /F st ratio = 2.14, P < 0.001; Table S1 , Fig. S3 ), which is potentially indicative of 1 7 7 polygenic selection acting on the scaling of plant growth (24).
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We ran GWA models on the scaling exponent θ and the 21 climatic variables using the 1 7 9
EMMAX procedure to correct for population structure (25). In total, 8,250 single nucleotide 1 8 0 polymorphisms (SNPs) out of 1,793,606 tested were significantly associated with at least one 1 8 1 phenotypic trait or climatic variable (Dataset S3) after multiple-testing correction (26). Only six 1 8 2
SNPs were significantly associated with the scaling exponent (FDR < 0.05). Five of these six 1 8 3
SNPs were located in the same region on chromosome 2 (Fig. 4A ), and were associated with 1 8 4 maximum temperature of the warmest month ( Fig. 4B ). Three SNPs were also significantly 1 8 5 associated with the mean annual temperature and the mean temperature of the coldest month 1 8 6 (Dataset S4). The same genomic region showed strong association with precipitation during the 1 8 7 driest month ( Fig. 4C ), although the six SNPs that were associated with scaling variation did not One SNP among the five associated with both the scaling exponent and the maximum 1 9 3 8 temperature of the warmest month was located in the U-box protein gene PUB4 (At2g23140; 1 9 4 MAF = 6.1%; Fig. 4A ). As E3 ubiquitin ligases, U-box proteins are involved in protein turnover, 1 9 5
a key regulatory component of plant responses to abiotic stresses (27). PUB4 plays notably a role 1 9 6
in a quality-control pathway that removes damaged chloroplasts (28). Two other SNPs were 1 9 7 located in the nearby cytochrome P450 gene CYP81D6 (At2g23220), 40 kb from PUB4 (r 2 = 1 9 8 0.63). CYP450s catalyze the production of diverse secondary metabolites that are involved in 1 9 9
biotic and abiotic stress response (29). The remaining two SNPs were also linked to PUB4 and 2 0 0 CYP81D6, but affected non-coding sequences. We note that the PUB4 polymorphisms only accessions. Indeed, a strong correction for population structure might be inappropriate if many 2 1 1 genes across the entire genome contribute to the phenotype in question.
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To account for the potentially complex genetic architecture of traits, we ran Bayesian mean annual temperature, and temperature and precipitation during summer (Dataset S5).
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Consistent with the measurement of broad-sense heritability (H 2 ), 'chip' heritability -a proxy for 2 2 1 narrow-sense heritability (h 2 ) measured with GWA -was very high for the scaling exponent (h 2 2 2 2 = 0.87 versus H 2 = 0.95; Table S1 ), suggesting that most of the phenotypic variance can be to abiotic stimulus (Fig. S4A, B) . A large fraction of the proteins encoded by these genes are 2 2 8
predicted to localize to plasma membranes or the chloroplast (Fig. S4C ). F st values across the 2 2 9 100 top-genes were significantly higher than genome-wide F st values (F st [100 top-genes] = 0.23 2 3 0 versus F st [Genome-wide] = 0.17, P < 0.001; Fig. S3 ), which is consistent with Q st analysis and 2 3 1 indicative of polygenic selection on the genes controlling growth allometry. As expected, PUB4 2 3 2 is among the 100 top-genes associated with plant allometry, showing strong effects on both the 2 3 3 scaling exponent and climatic variables (Fig. 4D, E) . We estimated that PUB4 alone favors plant 2 3 4 adaptation to warmer and drier summers by up to +1.4 °C and -3mm ( Fig. 4D , E) through an 2 3 5 increase of the scaling exponent by up to +0.03.
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A scan for genomic signatures of selection in the 50 kb region around PUB4 revealed 2 3 7
increased Tajima's D (Fig. 5A ) and SNP-level F st (Fig. 5B ), but we did not observe signatures of geographic structure associated with summer conditions; the major PUB4 allele is mostly found 2 4 5 in temperate and cold northern parts of Europe (Fig. 5C ), while the minor allele is mostly 2 4 6 Mediterranean (Fig. 5D ). This supports the role of PUB4 in evolutionary adaptation to warmer 2 4 7 and drier regions around the Mediterranean through variation in growth scaling.
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Discussion 2 4 9
Metabolic allometry links physiology, ecology and evolution at different levels of organization 2 5 0 (4, 6, 37, 38) . The study of scaling relationships in both plants and animals is grounded on the 2 5 1 importance of universal metabolic properties that allow the measurement and prediction of 2 5 2 critical rates of energy flow from individuals to the biosphere (6, 39). However, explanations for 2 5 3 1 0 the origin of allometric variation between species remain elusive, despite a recognized role of 2 5 4 evolutionary processes in animals (40) . Changes in scaling intercept in response to selection are 2 5 5 well documented (41), but evidence for the evolution of allometric slopes is scarce (but see (42)), 2 5 6
in particular in plants where the focus has been on the specific value that the allometric slope 2 5 7 should take (e.g. ⅔ versus ¾ versus 1) (9, 13, 43).
5 8
Our results reconcile recent debates on the origin of biological allometry. On the one 2 5 9 
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